This paper presents data and analysis of SN 2010kd, a low-redshift (z = 0.101) H-deficient superluminous supernova (SLSN), based on ultraviolet/optical photometry and optical spectroscopy spanning between −28 and +194 days relative to B-band maximum light. The B-band light-curve comparison of SN 2010kd with a subset of well-studied SLSNe I at comparable redshifts indicates that it is a slow-decaying PTF12dam-like SLSN. Analytical light-curve modeling using the Minim code suggests that the bolometric light-curve of SN 2010kd favors circumstellar matter interaction for the powering mechanism. SYNAPPS modeling of the early-phase spectra does not identify broad H or He lines, whereas the photospheric-phase spectra are dominated by O I, O II, C II, C IV and Si II, in particular the presence of both low-and high-velocity components of O II and Si II lines. The nebular-phase spectra of SN 2010kd are dominated by O I and Ca II emission lines similar to those seen in other SLSNe I. The line velocities in SN 2010kd exhibit flatter evolution curves similar to SN 2015bn but with comparatively higher values. SN 2010kd shows a higher single-zone local thermodynamic equilibrium temperature in comparison to PTF12dam and SN 2015bn, and it has an upper O I ejected mass limit of ∼ 10 M . The host of SN 2010kd is a dwarf galaxy with a high star-formation rate (∼ 0.18 ± 0.04 M yr −1 ) and extreme emission lines.
INTRODUCTION
Superluminous supernovae (SLSNe) are the most luminous SNe, having a mean absolute magnitude of ∼ −21.7 mag (Gal-Yam 2012; Quimby et al. 2013; Nicholl et al. 2016a; De Cia et al. 2018; Angus et al. 2019; Inserra 2019) .
SLSNe are very rare, comprising only ∼ 0.01% of the normal population of core-collapse SNe (CCSNe; Quimby et al. 2013; McCrum et al. 2015; Prajs et al. 2017 ). The era of SLSN studies started with the discovery of SN 2005ap (Quimby et al. 2007 ) by the Robotic Optical Transient Search Experiment (ROTSE; Akerlof et al. 2003) . Later, new sky surveys came into existence and began discovering SLSNe at a rate of ∼ 3 per month; see, for example, the Palomar Transient Factory (PTF; Quimby et al. 2011) , the Pan-STARRS1 (PS1; Chornock et al. 2013) , and the Zwicky Transient Fa-arXiv:2002.04201v2 [astro-ph.HE] 6 Mar 2020 cility (ZTF; Lunnan et al. 2018) . Being highly luminous, SLSNe can be used to reveal and understand the last evolutionary phases of very massive stars and to probe the highredshift universe. The host galaxies of SLSNe are usually faint dwarf galaxies having low metallicity, with extremely strong emission lines suggesting enhanced star-forming activity (Lunnan et al. 2014; Leloudas et al. 2015; Perley et al. 2016; Chen et al. 2017b; Schulze et al. 2018) .
Like normal SNe, SLSNe are spectroscopically divided into two categories: hydrogen-poor (SLSNe I) and hydrogenrich (SLSNe II; Gal-Yam 2012) . SLSNe I are thought to be a subtype of SNe Ic, because after a few weeks, they exhibit spectral features similar to those of SNe Ic (Pastorello et al. 2010; Inserra et al. 2013) . SLSNe I are broadly classified into fast-and slow-decaying categories (Quimby et al. 2011 (Quimby et al. , 2018 Inserra et al. 2017; Inserra 2019) ; however, they seem to have a wider range of postpeak decay rates with no significant gap (Nicholl et al. 2015a; De Cia et al. 2018) .
SLSNe are among one of the least understood SNe because not only are their underlying progenitors unclear, but their extremely high peak luminosity is also unexplained using conventional SN power-source models (Gal-Yam 2012) . Various studies have suggested different power sources for SLSNe I (Moriya et al. 2018; Wang et al. 2019) . To explain the required high peak luminosity of SLSNe I with the primary power source being the radioactive decay (RD) of 56 Ni → 56 Co → 56 Fe, the synthesized 56 Ni mass (M Ni ) should be 5 M (Gal-Yam 2012); however, the synthesized M Ni in CCSNe cannot exceed ∼ 4 M (Umeda & Nomoto 2008) . Moreover, late-time observations of SLSNe I suggest that M Ni 1 M for many SLSNe I (Pastorello et al. 2010; Chen et al. 2013) , inconsistent with the M Ni estimated by the RD model. Also, the median of the observed ejecta masses (M ej ) calculated using a sample of SLSNe I is ∼ 6 M (Nicholl et al. 2015a ). This value is closer to (or sometimes even lower than) the M Ni obtained from the RD model, which makes this model unphysical. The pair-instability SN (PISN) model was also suggested as a power mechanism for some slowdecaying SLSNe I (e.g., SN 2007bi; Gal-Yam et al. 2009 ), but later it was found that the bluer color and the fast-rising rate of slow-decaying SLSNe I contradict the PISN model (Kasen et al. 2011; Dessart et al. 2012; Nicholl et al. 2013; Jerkstrand et al. 2017) .
Spin-down millisecond magnetars having magnetic fields of a few ×10 14 G are also considered as possible power sources for many SLSNe I (Kasen et al. 2010; Woosley 2010; Inserra et al. 2013; Dessart et al. 2019 ). In addition, a subset of SNe Ib/c and some gamma-ray bursts (GRBs) may have magnetars as central power sources (Wheeler et al. 2000; Metzger et al. 2011 ). However, contrary to this, many SLSNe I have prepeak bumps (e.g., LSQ14bdq; Nicholl et al. 2015b ) and postpeak undulations (e.g., SN 2015bn; Nicholl et al. 2015a) in their light-curves that cannot be explained well using a spin-down magnetar (MAG) model.
The circumstellar matter interaction (CSMI) is also suggested as a possible powering mechanism for many SLSNe I (Chevalier et al. 2011) . Recently, Wheeler et al. (2017) found that SN 2017egm showed an irregular light-curve with a convex rise to peak, which is inexplicable by either the MAG or RD models. Both of these models demand a concave downward rise and decline from the peak, so SN 2017egm proved to be powered by the CSMI. Conversely, SLSNe I do not show any signatures of CSM interaction in their spectra, except for iPTF13ehe (Yan et al. 2015) , iPTF15esb, and iPTF16bad (Yan et al. 2017a ). In many cases, light-curve fitting of SLSNe I requires a combination of the above models; we call these "HYBRID" models based on Chatzopoulos et al. (2012) . For example, the primary power source may be a central engine, but a small amount of CSMI might also play role (Chen et al. 2017a; Inserra et al. 2017) .
In this paper, we present the analysis of the optical photometric and spectroscopic data of the nearby SN 2010kd. For the photometric study, early-time ROTSE-IIIb discovery data along with multiband Swift-UVOT data and other published optical photometry taken from Roy (2012) in the Johnson UBV and Cousins RI filters are used. The spectral data for SN 2010kd were obtained using the 9.2 m Hobby-Eberly Telescope (HET-9.2m) and the Keck-I 10 m telescope .
Section 2 discusses the multiband light-curve analysis and analytical fitting to the bolometric light-curve using MINIM. The optical light-curve comparison of SN 2010kd with some well-studied SLSNe I at comparable redshift is presented in Section 3. Section 4 describes the spectroscopic study of SN 2010kd along with the SYNAPPS spectral modeling of the photospheric-phase spectra. In Section 5, we compare spectra of the SN 2010kd with those of some slowand fast-decaying SLSNe I and several SNe Ic-BL. Section 6 presents a velocity comparison of various identified elements of SN 2010kd with a set of well-studied SLSNe I at comparable redshift. In Section 7, we determine various physical parameters of line luminosities during the nebular-phase, their ratios, and comparison with a set of SLSNe I. Constraints on the host-galaxy properties are discussed in Section 8. We summarize results in Section 9. Throughout this paper, the temporal phase is referred with respect to the Bband maximum light and the magnitudes are expressed in Vega. The phase before B-band maximum is considered to be the hot photospheric-phase; after maximum, it is termed as the cool photospheric-phase and after +90 days designated as the nebular-phase (Gal-Yam 2019).
2. ROTSE-IIIB DISCOVERY AND PHOTOMETRY On 2010 November 14 (UT dates are used throughout this paper), SN 2010kd was discovered by the ROTSE-IIIb telescope as part of the ROTSE Supernova Verification Project (RSVP) at an apparent magnitude of ∼ 17.2 mag (Vinko et al. 2010) . SN 2010kd was discovered in a faint and metalpoor dwarf galaxy at J2000 coordinates α = 12 h 08 m 01. s 11 and δ = +49 • 13 31. 1.
The first optical spectrum of SN 2010kd was observed using the HET-9.2m on 2010 November 22, showing a narrow Hα emission line from the host galaxy at redshift z ≈ 0. Roy (2012) . The magenta arrows represent upper limits obtained by the ROTSE-IIIb at prediscovery and very late epochs. The B and R-band magnitudes calculated from spectra of SN 2010kd using the sms (Inserra et al. 2018c ) code are plotted with star symbols (lime and red, respectively). Around peak brightness, the MB light-curve is fitted with a third-order spline function to get the M B,peak and the corresponding MJD B,peak . The postpeak (from peak to +194 days) data points are fitted using a straight line (in red dashed) to estimate the postpeak decay rate. Vertical dashed black lines represent epochs of spectral observations used in the present analysis. The bolometric light-curve calculated from ROTSE-IIIb discovery photometry is plotted in orange cross signs, showing a peak at ∼ (2.67 ± 0.20) × 10 44 erg s −1 (ROTSE-IIIb photometry data is published electronically).
with the code SYNAPPS ( Thomas et al. 2011) recognized an enrichment of carbon and oxygen lines (Vinko et al. 2010 . From follow-up photometry with ROTSE-IIIb, the peak absolute magnitude of SN 2010kd in the clear filter was constrained to be ∼ −21.4 mag. The luminous peak absolute magnitude and the presence of O II features at shorter wavelengths in the spectrum placed SN 2010kd in the category of SLSNe I. Multiwavelength follow-up observations were triggered with the Swift-UVOT and XRT. Swift-UVOT detected SN 2010kd as a strong ultraviolet (UV) source. Even though no significant X-ray emission was detected, stacked observations gave an upper limit of ∼ 0.8 × 10 42 erg s −1 (see the upper-left panel of Figure 2 ). We constrained the explosion date to be MJD expl ≈ 55, 483.09 ± 0.90 by extrapolating the premaximum lightcurve down to the brightness level of the host galaxy (m u = +21.54 ± 0.23 mag; see Section 8 for details) using a third-order spline function fit to the prepeak UV data. This calculated MJD expl is in good agreement with that esti-mated by Chatzopoulos et al. (2013) . Throughout the present analysis, data of SN 2010kd were corrected for Galactic extinction, E(B − V ) = 0.02 mag, using dust maps published by Schlegel et al. (1998) ; however, the host-galaxy extinction, E(B −V ) = 0.15 mag, was adopted from Schulze et al. (2018) . Throughout the paper, data have also been corrected for cosmological expansion; see Equation 1.
Optical Light-curve Analysis of SN 2010kd
In Figure 1 , Swift-UVOT photometry (UVW2, UVM2, UVW1, u, b, and v filters), ROTSE-IIIb photometry in the clear filter, and the B-band data taken from Roy (2012) are presented. Owing to the good temporal coverage of Swift-UVOT early-time data, the epoch of peak brightness could be tightly constrained in various bands. In Figure 1 , we can see that the light-curve peak comes earlier in the UV bands and at later epochs in redder bands, as is typical of CCSNe (Taddia et al. 2018) . We derived absolute magnitudes from the extinction-corrected apparent magnitudes using the formula M = m − 5 log(d L 1 /10 pc) + 2.5 log(1 + z) (1) (Hogg et al. 2002; Lunnan et al. 2016) . To precisely derive the B-band peak brightness, Swift-UVOT b-band data were converted to Johnson B using the transformation equations given by Poole et al. (2008) . To constrain the late-time photometry (up to +194 days), the Band R-band magnitudes were calculated from the late-time spectra using the sms (Inserra et al. 2018c) code. The derived values of synthetic spectral magnitudes and those estimated from the imaging are in good agreement (with a scatter 0.15 mag). The B-band maximum date (MJD B,peak = 55550.48) and the corresponding peak absolute magnitude (M B,peak = −21.80 ± 0.02 mag) were calculated by fitting a third-order spline function to the B-band absolute magnitude (M B ) light-curve around maximum brightness (−20 to +20 days; red dashed line). The estimated value of the M B,peak of the SN 2010kd is consistent with the mean peak absolute magnitudes of the sample of SLSNe I published by Quimby et al. (2013) , Nicholl et al. (2016a) , and Inserra et al. (2018a) .
The postpeak light-curve (from peak to +194 days) can be fitted well with a single straight line (in mag; thus, exponential in flux) having a decay rate of ∼ 0.019 mag day −1 , which is shallower than the 56 Ni → 56 Co decay rate (0.11 mag day −1 ) but steeper than that predicted for the 56 Co → 56 Fe decay rate (0.0098 mag day −1 ). The M B light-curve decayed by 1 mag from the peak value in ∼ 56 days, and the time taken to decay to the half-flux from the peak-flux value is ∼ 45 days. Compared with the PTF sample of SLSNe I , the postpeak decay rate of SN 2010kd is shallower than the average (0.04 mag day −1 ) value of the early-time decline ( +60 days) but steeper than the average value (∼ 0.01 mag day −1 ) of the late-time decline ( +60 days).
Pseudobolometric light-curve Using ROTSE-IIIb
ROTSE-IIIb absolute magnitudes cover a temporal phase of −35 to +105 days, showing a clear filter peak absolute magnitude ∼ −21.4 mag; see Figure 1 . To obtain a pseudobolometric light-curve with ROTSE-IIIb unfiltered broadband photometry, we first perform a calibration using UBVRI photometry from Roy (2012) . Although there is no infrared (IR) photometry of SN 2010kd, a second calibration to UB-VRIJHK is performed by applying a correction from ROTSE-IIIb photometry to UBVRIJHK for SN 2007gr (Bianco et al. 2014) , another SN Ic with extensive data in the UV through IR bands. For SN 2007gr, a linear interpolation is used to incorporate the flux between the I and J, J and H, and H and K filters. Although this is an approximation for the flux from SN 2010kd over IR wavelengths, a pseudobolometric lightcurve is established from −22 to +105 days.
Owing to the fact that ROTSE-IIIb uses an open CCD with broad transmission covering 3000-10,000Å, we first estab-1 the luminosity distance lish a calibration relation with UBVRI photometry. Common epochs are derived by interpolating UBVRI datasets to ROTSE-IIIb data. To obtain the flux, we calibrate ROTSE-IIIb magnitudes to R-band magnitudes, correct for the extinction using values of E(B − V ) = 0.17 mag, and use the Johnson-Cousins photometric system as described by Bessell (1990) . Following the methodology of Dhungana et al. (2016) , a linear correlation is seen between the ratio of L ROTSE and L U BV RI to the (B − V ) color. This linear relationship is then used to calibrate the L ROTSE to L U BV RI , establishing a pseudobolometric light-curve with peak luminosity ∼ (2.26±0.11)×10 44 erg s −1 . The root-mean-square (RMS) of the residuals in fitting the (B − V ) dependence of L ROTSE /L U BV RI yields 8% precision.
The same process is performed for SN 2007gr using publicly available U BV r i data from the Fred L. Whipple Observatory (FLWO) on Mount Hopkins in Arizona (Bianco et al. 2014) , similarly establishing a calibration with 7% precision. To obtain the flux for this object, the Johnson system is used for the UBV filters and the Sloan Digital Sky Survey (SDSS) photometric system (Fukugita et al. 1996) is used for the r i filters. Integrated luminosity is calculated by adopting a distance of 10.6 Mpc (Chen et al. 2014) . Once ROTSE-IIIb is calibrated to UBVRI, a second calibration from ROTSE-IIIb to UBVRIJHK is performed by fitting the ratio of L U BV RI and L U BV RIJHK to the (B − V ) color and applying this to L ROTSE . The FLWO sample also contains JHK data, where the Two Micron All Sky Survey system (Cohen et al. 2003 ) is used to obtain flux for these filters. The RMS of the residuals for this calibration yields 6% precision. In order to incorporate unobserved flux between the I and J, J and H, and H and K filters, a similar calibration is performed, this time fitting the ratio of L U BV RIJHK to the L U BV RIJHK including unobserved flux between filters versus the (B − V ) color. To calculate this additional flux at each epoch, a linear interpolation between the fluxes seen in each filter is used. Finally, the resulting fit is applied to L ROTSE for SN 2010kd, increasing the peak luminosity to ∼ (2.67 ± 0.20) × 10 44 erg s −1 , as seen in Figure 1 .
Bolometric light-curve and Model Fitting Using
Minim Bolometric light-curve of the SN 2010kd was calculated using a Python-based code Superbol (Nicholl 2018) . To get data near the peak brightness, we converted Swift-UVOT u, b, and v magnitudes to Johnson U, B, and V magnitudes, respectively, using the transformation equations given by Poole et al. (2008) . The R and I light-curves are interpolated using third-order polynomial fits to a common set of observed epochs with respect to observations in the Bband. However, we assume a constant color to extrapolate late-time UVW2, UVM2, UVW1, and U-band data. We further extrapolate the blackbody (BB) spectral energy distribution (SED) by integrating the observed UV-optical flux to estimate the expected flux values in the near-infrared (NIR) region. The data were also corrected for Galactic as well as host extinction. The flux and wavelength of individual bands (Chatzopoulos et al. 2013) are shown in five different panels. The photometric data points of SN 2010kd are shown in blue whereas the five modeled light-curves are color coded with the best-fit model (HYBRIDW/CSMI only) shown in red. The HYBRID, HYBRIDW, and CSMI only models are fitted with κ = 0.1 cm 2 g −1 . In the upper-left panel, the limiting XRT luminosity using stacked data (described in Appendix .1.3) is also shown with the black arrow. are shifted to the rest frame. The full bolometric light-curve covers phases from −20 to +123 days and shows a peak luminosity of ∼ (2.51 ± 0.10) × 10 44 erg s −1 (see upper-left panel of Figure 2 ). It is notable that the peak bolometric luminosity calculated using the method described in Section 2.2 from ROTSE-IIIb data and that derived with Superbol for multiband data are in good agreement within the uncertainties. We used the code Minim (Chatzopoulos et al. 2013) to fit various models to the bolometric light-curve of SN 2010kd. Minim is a χ 2 -minimization code which utilizes Price algorithm (Brachetti et al. 1997 ), a controlled random search technique, briefly discussed by Chatzopoulos et al. (2013) . Semianalytic light-curve models -RD, MAG, HYBRID (constant density CSMI + RD), HYBRIDW (wind-like CSMI + RD), and HYBRIDW with CSMI contribution only (CSMI only) models -were fitted to the bolometric light-curve of SN 2010kd (see Figure 2 ). The electron-scattering opacity (κ) may vary from ∼ 0.1 to 0.2 cm 2 g −1 for half-and fullyionized materials, respectively (Nicholl et al. 2015a ). We choose κ = 0.1 cm 2 g −1 , considering that in the case of H-poor SLSNe I species like oxygen, carbon, and iron are roughly half ionized, as adopted by Inserra et al. (2013) . So, HYBRID, HYBRIDW, and CSMI only models are fitted with κ = 0.1 cm 2 g −1 .
All of the calculated parameters for the RD, MAG, HY-BRID, HYBRIDW, and CSMI only models are, respectively, listed in Tables 1−5. Values of the M ej are calculated using Equation 3 from Chatzopoulos et al. (2013) , both for the RD and the MAG models.
Statistically, all the models reproduced the bolometric light-curve of SN 2010kd within the error bars, as can be inferred from the respective values of χ 2 per degree of freedom (DOF). But, the value of M Ni given by the RD model is higher than the estimated M ej value, which is unphysical; this indicates that the RD of 56 Ni cannot be considered as a primary power source of SN 2010kd. In comparison to other discussed models, the MAG model reproduced the bolomet-ric light-curve of SN 2010kd with a higher value of χ 2 /DOF (0.95). However, the parameters of SN 2010kd estimated by the MAG model are in good agreement with the values suggested for PTF12dam (Nicholl et al. 2013 ) and SN 2015bn (Nicholl et al. 2016a ); see Table 2 .
The HYBRID and HYBRIDW models reproduced the bolometric light-curve of SN 2010kd with χ 2 /DOF = 0.76 and 0.56, respectively. In the lower-right panel of Figure 2 , we also plot the HYBRIDW model with only a CSMI contribution by setting M Ni = 0.0 M (CSMI only model). The CSMI only model has also been able to reproduce the bolometric light-curve with the comparatively lower value of χ 2 /DOF = 0.55, which might indicate that 56 Ni heating does not play a significant role in the HYBRIDW (CSMI+RD) model.
With the lowest value of χ 2 /DOF (0.55), the CSMI only model constrains the M ej ≈ 18.47 ± 0.65 M , M csm ≈ 22.68 ± 0.53 M , and explosion ejecta velocity ∼ (24.75 ± 0.11) × 10 3 km s −1 . The estimated M ej value for SN 2010kd is higher in comparison to the median of the observed M ej (∼ 6 M ) calculated using a sample of SLSNe I (Nicholl et al. 2015a ) and a sample of SNe IIb, Ib, and Ic ( 4.4 ± 1.3 M ; Wheeler et al. 2015) . The parameters for SN 2010kd obtained using the best-fit CSMI only model are given in Table 5 . In summary, based on our model fitting, the CSMI or spin-down millisecond magnetar might be the possible powering mechanism for SN 2010kd.
Along with the best-fit bolometric light-curve, the limiting X-ray luminosity ( 0.8 × 10 42 erg s −1 ) calculated using the stacked images obtained from Swift-XRT is also plotted (upper-left panel of Figure 2 , black arrow); data reduction is discussed in Appendix .1.3. SN 2010kd is not visible in X-rays even near peak optical brightness, as seen in other XRT-observed SLSNe I except for PTF12dam (which was detected; Margutti et al. 2018 ).
PHOTOMETRIC COMPARISON OF SN 2010KD WITH OTHER SLSNE I
For the present study, the following two broad criteria were adopted to build the sample of SLSNe I listed in Table 6 :
(1) The value of the redshift should be within ± 0.05 relative to the redshift of SN 2010kd.
(2) The object should have photometric data in at least four bands (BVRI or griz).
For consistency, throughout this work the distances are calculated using the cosmological parameters H 0 = 67.8 ± 0.9 km s −1 Mpc −1 , Ω m = 0.308 ± 0.012, and Ω λ = 0.692 (Planck Collaboration XIII 2016). Except for Gaia16apd (Kangas et al. 2017) , the host-galaxy extinction values for all the tabulated SLSNe I are taken from Schulze et al. (2018) , which were estimated using Spectral Energy Distribution (SED) modeling. The M B,peak and corresponding MJD B,peak presented in Table 6 are calculated independently for all the tabulated SLSNe I. SN 2007bi does not have Bband magnitudes around the peak brightness, so MJD R,peak is taken in place of MJD B,peak .
We can subdivide our sample of seven comparison SLSNe I into fast-, slow-, and intermediate-decaying SLSNe I based on postpeak decay rates. PTF10hgi, SN 2011ke (Inserra et al. 2013) , and SSS120810:231802-560926 (Nicholl et al. 2014 ) are designated as fast-decaying SLSNe I, having postpeak decay rates close to that of 56 Ni → 56 Co. On the other hand, SN 2007bi (Gal-Yam et al. 2009 ), PTF12dam (Nicholl et al. 2013) , and SN 2015bn (Nicholl et al. 2016a ) are slow-decaying SLSNe I, having a postpeak decay rate close to that of 56 Co → 56 Fe. Photometrically, Gaia16apd resembles the an intermediate (between slow-and fast-decaying) SLSN, while its late-time spectroscopic features are similar to those of PTF12dam (Kangas et al. 2017 ). However, this division between fast and slowdecaying SLSNe I is not broadly accepted for a larger sample of SLSNe I De Cia et al. 2018; Lunnan et al. 2018 ).
B-band Light-curve Comparison of SN 2010kd with
Other SLSNe I
In this section, we compare the M B light-curve of SN 2010kd with the light-curves of seven SLSNe I given in Table 6 (see Figure 3 ). The light-curves of all the plotted SLSNe I are corrected for the Galactic as well as host extinction. For those events having data in SDSS filters (SN 2011ke, PTF12dam, and SN 2015bn), the gand r-band data were transformed to the B-band using the transformation equations given by Jordi et al. (2006) . To trace the evolution, the M B light-curves of all the plotted SLSNe I are fitted with a high-order spline function, shown with solid lines of different colors. SN 2010kd seems to have an M B,peak value close to that seen in the case of PTF12dam and Gaia16apd. However, M B,peak value of the SN 2010kd seems lower than those observed in case of SN 2015bn but larger than that observed for PTF10hgi, SN 2011ke, and SSS120810:231802-560926 (slow-decliners), as shown in the inset panel on the left side of Figure 3 . This illustrates that SN 2010kd is one of the luminous SLSNe I. Fast-decaying SLSNe I (PTF10hgi, SN 2011ke, and SSS120810:231802-560926) have decay rates of ∼ 0.06 mag day −1 , slow-decaying SLSNe I (SN 2007bi, PTF12dam, and SN 2015bn) show decay rates of ∼ 0.02 mag day −1 , and Gaia16apd has a decay rate of ∼ 0.045 mag day −1 . SN 2010kd has a decay rate of ∼ 0.019 mag day −1 , similar to those estimated for slow-decaying SLSNe I, especially matching with the decay pattern shown by PTF12dam, as shown in the inset panel on the right side of Figure 3 . SN 2010kd seems to have a slow rising rate similar to SN 2015bn. All fast-decaying SLSNe I in the present sample exhibit a decay rate slightly shallower than 56 Ni → 56 Co; however, all slow-decaying SLSNe I of the sample exhibit a slightly steeper decay than that predicted for 56 Co → 56 Fe. In summary, the B-band absolute magnitude light-curve evolution of SN 2010kd is similar to that of slow-decaying SLSNe I, and in particular closer to PTF12dam. (Kangas et al. 2017 ). b M R,peak is taken in place of M B,peak .
Color Evolution Comparison of SN 2010kd with Other SLSNe I
Optical through NIR colors of SLSNe I are useful probes for understanding the temperature evolution during the photospheric-phase. The optical color evolution of SN 2010kd is plotted in Figure 4 . From ∼ −20 to +15 days, all plotted color curves of SN 2010kd do not show significant change, indicating nearly constant temperatures around the time of peak brightness. After ∼+15 days, these color curves of SN 2010kd evolve redder, which can be associated with a decrease in the photospheric temperature as the SN dims during the postmaximum phases. Color evolution Jordi et al. (2006) .
, and (R − I) color curves appear to have nearly similar evolution, starting from ∼ 0 (at −20 days) to ∼ +0.4 mag (at +123 days), indicating slow cooling and expansion of the SN envelope. In the same time regime, the (U − B) color comparatively becomes redder (∼ −0.9 to −0.2 mag) sharply. This could be explained partly by cooling due to expansion and partly because of the enhancement of metallic (mostly Fe II) features in the UV. Color curves of SN 2010kd show that it is very blue at early epochs (from +15 to ∼ +90 days) and undergoes faster cooling in the Uband compared with other optical bands.
The (B − V ) color evolution of fast-decaying (PTF10hgi, SN 2011ke, and SSS120810:231802-560926) SLSNe I appears to become redder faster in comparison to slowdecliners (SN 2007bi, PTF12dam, and SN 2015bn) ; see the upper-panel of Figure 5 . It is also clear that for slowdecaying SLSNe I, the (B − V ) color becomes redder slowly until ∼ 100 days after peak brightness, and at later epochs, it becomes constant around ∼ 0.3 mag (except SN 2015bn, which shows negative color values). In contrast, the (B − V ) colors of fast-decaying SLSNe I become redder continuously up to ∼ 1.5 mag (at ∼ 100 days). The (B − V ) color evolution of Gaia16apd appears similar to the fast-decaying SLSNe I. SN 2010kd seems to have a similar (B − V ) color curve to SN 2007bi and PTF12dam.
In the case of (U − B) color comparison, SN 2007bi does not have data in U-band, so the remaining six SLSNe I are chosen for comparison (see Figure 5 , lower panel). Similar to (B − V ), the (U − B) color evolution of the fastdecaying SLSNe I turns redder sharply in comparison to the slow-decaying SLSNe I. The (U − B) color evolution of SN 2010kd seems similar to those seen in the case of Gaia16apd and SN 2015bn. As a part of the present analysis, spectra of SN 2010kd were acquired using the Marcario Low-Resolution Spectrograph (LRS; Hill et al. 1998 ) on the HET-9.2m and the Low-Resolution Imaging Spectrometer (LRIS; Oke et al. 1995) on the Keck-10m. A summary of the spectroscopic observations is given in Table 7 , with a coverage of −28 to +194 days. The HET-9.2m spectra were observed near the parallactic angle to minimize the effects of atmospheric dispersion. The Keck-10m spectra were obtained with an atmospheric dispersion corrector on LRIS, providing accurate relative spectrophotometry.
Data reduction was conducted with standard routines in IRAF 2 , including bias and flat-field corrections, wavelength calibration, and flux calibration. At the HET-9.2 m, HgCd and ArNe spectral lamps are used for wavelength determination, while a spectrum of a suitable spectrophotometric standard star was taken on every night for performing the relative-flux calibration. The Keck-10m spectra were reduced in a similar manner. In this section, the symbolÅ is used for observed wavelengths and λ for rest-frame wavelengths.
It is clear from Figures 6 and 8 that the spectra of SN 2010kd could be considered in two parts. The first part consists of photospheric-phase spectra from −28 to +34 days; within this, four spectra belong to the hot photospheric-phase (−28, −24, −23, and −22 days) and two spectra belong to the cool photospheric-phase (+15 and +34 days). All spectra in the photospheric-phase were observed using the HET-9.2m. The second part covers three nebular-phase spectra observed at +96, +144, and +194 days. The spectrum at +144 days was observed using the HET-9.2m and the other two (+96 and +194 days) were observed with the Keck-10m.
Photospheric-phase Spectra and SYNAPPS Spectral Matching
The photospheric-phase spectral evolution of SN 2010kd is plotted in Figure 6 . Throughout the photospheric-phase, the spectra of SN 2010kd are dominated by the hot blue continuum, having a BB temperature range of ∼ 20, 000− 10,000 K.
To explore possible identifications of the strong absorption lines, we modeled the first six spectra (−28, −24, −23, −22, +15, and +34 days) of SN 2010kd using the SYNAPPS code (Thomas et al. 2011) , which is a revised and improved version of SYNOW (Jeffery & Branch 1990 phase, the spectra have the most prominent features; moreover, SYNAPPS only works in the photospheric-phase, not in the nebular-phase.
In Figure 6 , we plot the observed spectra (in black) with the code-generated output synthetic spectra (in red). The ordinate plots λ 2 × flux density (F λ ) to highlight the spectral matching at longer wavelengths. In photospheric-phase spectra at shorter wavelengths, many lines overlap, so their observed widths do not adequately represent the ejecta velocity. At longer wavelengths, on the other hand, line densities are less severe, and individual lines can be identified clearly.
Photospheric-phase spectra of SN 2010kd mainly exhibit C II, C IV, O I, O II, Na I D, Mg II, Si II, and Fe II lines that are well reproduced by the code. No broad H or He lines are detected at any stage. Spectra in the hot photospheric-phase exhibit a strong C II λ6578.05 line at ∼ 6350Å which weakens in the cool photospheric-phase. In the hot photosphericphase, the C IV λ5801.31 line is also observed at ∼ 5530Å, with a consistent blueshifted absorption trough at a veloc-ity around 14,000 km s −1 ; this line disappears in the cool photospheric-phase.
It has been noticed that a large number of dense O II lines is one of the strongest features in the visible-light spectra of SLSNe I (Quimby et al. 2011 (Quimby et al. , 2018 . The W-shaped O II absorption lines are observed at ∼ 3980, 4200, and 4500Å, at a velocity of around 12,000 km s −1 ; they are the dominant features of most SLSNe I (Quimby et al. 2011) . The O II λ4357.97 line observed at ∼ 4200Å seems to have contributions from C II and Fe III in the hot photospheric-phase spectra. As temperature falls below ∼ 15, 000 K, the spectra fall into the cool photospheric-phase; O II features weaken and are overtaken by heavier elements such as Mg II and Fe II (Mazzali et al. 2016; Bose et al. 2018) .
Spectra at the redder end typically show a much weaker feature of O I λ7774 at ∼ 7500Å, but it may have some contribution from Mg II λ7877. Na I D absorption is not present in the spectra during the hot photospheric-phase but appear substantially in the cool photospheric-phase. The Si II λ6355 . Single-ion contributions to match the spectra of SN 2010kd at −28 and +34 days using the SYNAPPS code are presented. In the spectrum at +34 days, the low-and high-velocity components of the O II and Si II lines are also found. line is strong in the spectrum at −28 days with a velocity around 21,000 km s −1 . Spectra at +15 and +34 days have low-and high-velocity components of Si II and O II, possibly indicating nuclear burning fronts in the outer layers of the explosion (Hatano et al. 1999) . Lines detected at lower velocity (∼ 11, 500 km s −1 ) represent freshly synthesized material whereas higher velocity (∼ 19, 000 km s −1 ) components are likely to be primordial, as suggested by Hatano et al. (1999) .
In the hot photospheric-phase spectra, initially the Fe II λ5169 lines are blended and dominated by the hot blue continuum, but as the spectrum evolves from the hot to the cool photospheric-phase, the Fe II lines strengthen and are observed at ∼ 4500-5200Å. The contributions of individual ions to generate the spectra at −28 and +34 days are shown in Figure 7 .
Evolution of Nebular-phase Spectra
As SNe continue to expand and cool, their ejecta eventually become transparent, and they enter the nebular-phase. The nebular-phase begins much later in SLSNe I ( +90 days) compared to normal SNe Ic, indicating that high densities are sustained for a longer time period in the massive ejecta of SLSNe I (Nicholl et al. 2015a ). The nebular spectra of SN 2010kd were taken at +96, +144, and +194 days (see Figure 8 ); line identification is based on that done by Inserra et al. (2017) and Jerkstrand et al. (2017) .
Ions and spectral features seen in the nebular-phase spectra of SN 2010kd are indicated with arrows of different colors at their respective rest-frame wavelengths. Dominant O II and C II absorption lines in the photospheric-phase spectra are now weakened or have disappeared in the nebular-phase; spectra are now dominated by O I and Ca II emission lines.
The For SN 2010kd, the Mg I] line begins to appear feebly after ∼ +34 days and strongly in the later nebular-phases. The nebular-phase spectra of SN 2010kd show evolving Ca II H and K, [Ca II] λλ7291, 7323, and the Ca II λλ8498, 8542, 8662 NIR triplet. The strength of the Ca II, O I, and Na I D absorption increases substantially in the nebular-phase spectra of SN 2010kd.
Evolution of Spectral Lines of SN 2010kd
Evolution of spectral features of SLSNe I provides important clues to the interaction of CSM with the expanding ejecta and other important properties like geometrical distribution and dust formation in the ejecta. To highlight the evolution of individual lines, a section of spectra is plotted in the velocity domain corresponding to the rest-frame wavelength of various elements (see Figure 9 ). The evolution of C II λ6578, C IV λ5801, O I λ7774, and O II λλ4115.17, 4357.97, 4650.71 is presented. As the spectrum evolves, the minima of the absorption lines gradually move to lower velocities (i.e., toward redder wavelengths).
C II and C IV lines are present only in the hot photosphericphase spectra; C II seems prominent relative to C IV and is well fitted with a single Gaussian. The C II and C IV line velocities estimated using the SYNAPPS spectral matching (see Figure 13 ) and Gaussian fitting are in good agreement, indicating that these lines are free from blending, not seen in the case of many other lines.
As spectra evolve from the photospheric to the nebularphase, the O I λ7774 line evolves in FWHM intensity, depth, and width; it also becomes stronger and sharper, similar to those seen in the case of SN Ic (Pastorello et al. 2010 Figure 8 . The rest-frame spectral evolution of SN 2010kd in the nebular-phase (+96, +144, and +194 days) is plotted. Data have been dereddened and shifted to the rest-frame wavelengths. All spectral features are marked by vertical arrows at their rest-frame wavelengths, as represented by respective colors. In the spectrum at +194 days, the host-galaxy emission lines are marked with narrow black arrows. Nebularphase spectra of SN 2010kd are dominated by O I and Ca II lines. the estimated parameters are not reliable because of possible Mg II λ7877 blending. The O II lines seem to shift redward with phase, showing a decreasing velocity; however, velocity estimates using single-Gaussian fitting are not reliable when considering blended features. It is best to use SYNAPPS spectral matching for blended features.
Temperature and Radius Evolution of SN 2010kd
In this section, we discuss the evolution of the BB temperature (in red) and radius (in blue) of SN 2010kd derived from the photometric and spectroscopic data (see Figure 10 ). We calculate the photospheric temperature and radius evolution by modeling the SED at possible epochs by fitting a BB function using the code Superbol (Nicholl 2018) . The temperature and radius values estimated using the BB fit individually to the spectra are also shown. Overall, the temperature and radius evolution calculated from two different methods are in good agreement.
At premaximum phases (from ∼ −28 to −15 days), the temperature of SN 2010kd decays sharply from ∼ 20, 000 to 17,000 K, whereas around the time of peak brightness (from ∼ −15 to +15 days) the temperature seems nearly constant. After peak brightness, from ∼ +15 to +80 days, the temperature decays from ∼ 15, 000 to 8000 K, and at later phases (after ∼ +80 days), it decays shallower (∼ 5 K per day) relative to the decay rate at early phases.
From ∼ −28 to +50 days, the radius of SN 2010kd sharply increases (from ∼ (1.8 to 4.0) × 10 15 cm), whereas it decreases slowly (∼ 0.03×10 15 cm per day) after ∼ +80 days. The photospheric temperature of SN 2010kd during the ear-liest phases (> 12, 000 K) seems to be somewhat hotter than that of PTF12dam and SN 2015bn ( 12, 000 K; Nicholl et al. 2016a ). The BB radius estimated for SN 2010kd is smaller in comparison to SN 2015bn (from ∼ (8 to 12) × 10 15 cm) and decays comparatively shallower after +50 days (Nicholl et al. 2016a ).
SPECTRAL COMPARISON OF SN 2010KD WITH
OTHER H-DEFICIENT SNE SLSNe I spectra near peak brightness exhibit differences in several features among the two populations i.e., slow-and fast-decaying (Nicholl et al. 2016a; Quimby et al. 2018) . Hence, in the next two sections, we compare the spectra of SN 2010kd with the template spectra of slow-and fastdecaying SLSNe I. To study the spectral diversity among SNe Ic and SLSNe I, we compared the spectra of SN 2010kd with a subset of well-studied broad-lined SNe Ic.
Comparison of SN 2010kd with Slow-decaying SLSNe I
In this section, observed spectra of SN 2010kd are compared with three slow-decaying SLSNe I: SN 2007bi (Gal-Yam et al. 2009 , in green), PTF12dam (Nicholl et al. 2013, in blue) , and SN 2015bn (Nicholl et al. 2016a , in red); see Figure 11 . All of the plotted spectra have been shifted to their respective rest-frame wavelengths. For a significant comparison, spectra of PTF12dam and SN 2015bn are chosen at epochs close to those of the spectra of SN 2010kd. As shown in Figure 11 , the spectral evolution of SN 2010kd appears to be an excellent match to those of SN 2007bi, PTF12dam, and SN 2015bn; however, there are also some petty differences. In the two upper panels of Figure 11 , the photospheric spectra of SN 2010kd at −28 and +34 days are compared with PTF12dam and SN 2015bn. All of the colored vertical lines are plotted at the observed wavelengths of various elements, associated with their respective colors. In the photospheric-phase, the continuum temperature of SN 2010kd looks hotter than that of PTF12dam and SN 2015bn, as discussed in Section 4.4. The spectra of SN 2010kd and SN 2015bn are consistent for a longer time around maximum light than PTF12dam. This may be because of their shallower velocity decay rates in comparison to PTF12dam (see Figure 13 ).
Both SN 2010kd and PTF12dam have a C II line around the same velocity (Quimby et al. 2018) , whereas SN 2015bn only has a meager signature of this line (Nicholl et al. 2016a ). SN 2015bn shows C IV λ5801.31 weaker than SN 2010kd, but Nicholl et al. (2016a) claimed it as an unidentified line or a Si II line of very high velocity. In early-time spectra, PTF12dam also exhibits a weak trough of this line at ∼ 5750Å, but Quimby et al. (2018) claimed this feature as an unidentified line, or He λ5876. SN 2010kd, PTF12dam, and SN 2015bn seem to have have similar O I λ7774 line evolution, whereas the lack of O I could be a distinguishing difference between the slow-and fast-decaying SLSNe I (Quimby et al. 2018 ). The hot photospheric-phase spectra of SN 2010kd and PTF12dam have stronger O II lines (Quimby et al. 2018) , whereas in SN 2015bn these lines are comparatively weaker even at −25 days (Nicholl et al. 2016a ). However, in the case of SN 2010kd and SN 2015bn, the O II λ4357.97 line is blended with Fe III λ4420, which is not significant in the case of PTF12dam (Nicholl et al. 2016a ). The centers of absorption troughs show that the velocity of the O II lines in SN 2015bn appear to be lower compared to SN 2010kd and PTF12dam.
In the lower panel of Figure 11 , three nebular spectra of SN 2010kd are compared with the nebular spectra of SN 2007bi, PTF12dam, and SN 2015bn. The nebular-phase in SLSNe I starts after ∼ +90 days, but we also included the +47 day spectrum of SN 2007bi because it seems to have many sim- Radius from BB fit to the photometric data Radius from BB fit to the spectrum Figure 10 . Evolution of the BB temperature and radius of SN 2010kd as derived from the photometric data using Superbol is plotted along with the temperature and the radius evolution calculated using the direct BB fit to the spectra. The temperature falls from ∼ 20, 000 to 8000 K from the hot photospheric to the nebularphase, whereas the photospheric radius continuously increases from −28 to ∼ +50 days and decreases slowly at later epochs. In summary, high-cadence, early-time spectra exhibit a small degree of diversity among these objects, but spectroscopic evolution of SN 2010kd overall confirms the similarity of this object to SN 2007bi, PTF12dam, and SN 2015bn.
Comparison of SN 2010kd with Fast-decaying SLSNe I
In this section, we compare the same sequence of spectra of SN 2010kd with three well-studied fast-decaying SLSNe I: PTF10hgi (Inserra et al. 2013, in red) , SN 2011ke (Inserra et al. 2013, in blue) , and SSS120810:231802-560926 (Nicholl et al. 2014, in green) . For a significant comparison in the nebular-phase, we cover a range from +59 to +265 days. As can be seen from the upper panel of Figure 12 , SN 2010kd maintained a strong blue continuum for a much longer time relative to the fast-decaying SLSNe I, which exhibit a redder continuum even at ∼ +36 days.
The fast-decaying SLSNe I seem to have smoother spectra in comparison to SN 2010kd, indicating broader velocity distributions which blend and smooth out individual lines (Quimby et al. 2018) . SN 2010kd appears to have sharper absorption lines and higher emission-line luminosities in the nebular-phase with respect to the fast-declining SLSNe I.
Despite the above-mentioned differences, both classes of SLSNe I exhibit nearly the same lines and in the same order of strength, mainly calcium, Mg I], and [Fe II]. These lines become prominent at early phases (from ∼ +36 days) in the fast-decaying SLSNe I, but at later phases (∼ +96 days) in objects like SN 2010kd owing to their slower photometric evolution. Spectra of photometrically fast-decaying SLSNe I seem to evolve faster in comparison to SN 2010kd. The result is that the spectra of fast-decaying SLSNe I at ∼ +100 days seem to differ from spectra of slow-decaying SLSN at ∼ +100 days and are better matched to the slowdecliners at ∼ +200 days, as also suggested by Quimby et al. (2018) . Slower spectral evolution of slow-declining SN 2010kd might indicate higher ejecta mass and more slowly decreasing velocities in comparison to the fast-declining SLSNe I.
Comparison of SN 2010kd with Broad-lined Type Ic SNe
In this section, we compare the nebular-phase spectra of SN 2010kd (in black) with spectra of two well-studied Type Ic-BL SNe: SN 1998bw (Sollerman et al. 2000 , in green) and SN 2002ap (Vinko et al. 2004 ; see the lower panel of Figure 12 . SN 1998bw is a broad-lined event associated with a long/soft GRB (SN Ic-BL + LGRB), whereas SN 2002ap is a broad-lined SN Ic with no associated GRB (SN Ic-BL). SN 2002ap seems to evolve much faster than SN 1998bw and SN 2010kd. The spectrum of SN 2002ap at +32 days appears similar to the spectrum of SN 1998bw at +72 days and that of SN 2010kd at +194 days. The nebular-phase spectra of SN 2010kd seem to evolve slower in comparison to SN 1998bw and SN 2002ap, as studied in the case of other slow-decaying SLSNe I (Nicholl et al. 2016b; Jerkstrand et al. 2017) .
SN 1998bw and SN 2002ap exhibit similar major spectral features to SN 2010kd (except in the region ∼ 5700-6500Å), but different behavior in terms of the shape and density of the line features. At phases ∼ +90 to +200 days, in the range ∼ 5700-6500Å, the most important line for comparison is the [O I] doublet, generally the strongest feature in nebular spectra of SNe Ic and not severely contaminated by other lines. In this range, SN 2010kd shows the trio of Si II, Na I D, and the [O I] doublet (shaded with gray color), which can be seen in nebular-phase spectra of most SLSNe I (see Figure 11 ). As suggested by Nicholl et al. (2016a) , we can take this trio as a real spectroscopic difference between spectra of SLSNe I and SNe Ic. SN 2010kd reveals weak [O I] λλ6300, 6364 in all three nebular spectra, but this line could become very prominent at late phases (after ∼ 300 days) as shown by Jerkstrand et al. (2017) In summary, we can say that SN 2010kd evolves comparatively slower and seems to have many lines similar to those of SNe Ic-BL but with different intensities. This indicates towards a clear diversity in the nebular-phase spectra of SLSNe I and SNe Ic-BL, an important key to understanding the diverse underlying physical mechanisms in different type of SNe Ic. For SN 2010kd, the velocity evolution of the C II, C IV, O I, O II, Na I D, Mg II, and Fe II lines are plotted. In the photospheric-phase (from −28 to +34 days), all lines show nearly constant velocity curves having a range of ∼ 12, 500−11,000 km s −1 , except C IV, which has the highest velocity around 14,000 km s −1 . In the photosphericphase, the velocity of the O I λ7774 line remains almost constant, which is commonly observed in other SLSNe I as well (Nicholl et al. 2015a (Nicholl et al. , 2016a ; see Figure 13 . The O I line velocities at nebular-phases are calculated using single-Gaussian fitting, because we cannot use SYNAPPS at such late phases. The constant velocity evolution possibly indicates stratification of line-forming shells within a homologous expansion. The C II, C IV, Na I D, Mg II, and Fe II lines also show a shallow decline in velocity with time (∼ 200 km s −1 every 10 days). In the case of SN 2010kd, the relation between the estimated velocity of the Fe II λ5169 line at ∼ +10 days ( 12, 000 km s −1 ) and its decay rate between ∼ +10 and ∼ +30 days (∼ 30 km s −1 day −1 ) is in good agreement with those observed in the case of other slow-decaying SLSNe I (Inserra et al. 2018b) .
The O II line velocity of SN 2010kd is nearly constant (∼ 12, 000 km s −1 ) in comparison to PTF12dam, which has a declining O II line velocity (from ∼ 11, 000 to 7000 km s −1 ) with a rate of ∼ 1200 km s −1 per 10 days. The O I line velocity of SN 2010kd nearly traces the path estimated for PTF12dam.
The evolution of the Fe II line velocity of SN 2010kd is almost flatter in comparison to the fast-decaying SLSNe I (PTF10hgi, SN 2011ke, and SSS120810:231802-560926), which indicates that photometrically fast-decaying SLSNe I have comparatively faster-declining Fe II line velocities (Inserra et al. 2018b).
In summary, SN 2010kd has flatter velocity curves in comparison to SN 2007bi, PTF12dam, and other fast-decaying SLSNe I, but similar velocity evolution to that seen in the case of SN 2015bn. The flat velocity curves of SN 2010kd might indicate possible signature of a central engine accelerating the inner ejecta as suggested by Nicholl et al. (2016a) for SN 2015bn. Figure 14 , in black). First, the continuum was subtracted by a linear fit, and the values of luminosities are estimated by direct numerical integration only for the lines that are isolated and do not have highly blended features, except [O I] λ5577. For the [O I] λ5577 line, we fitted a double Gaussian, because it is blended with [Fe II] λ5250, the same method adopted by Nicholl et al. (2019) . We also attempted subtracting the contribution of the host-galaxy flux from the nebular-phase spectra of SN 2010kd using the host spectrum published by Leloudas et al. (2015) as described by Nicholl et al. (2019) ; however, the host-galaxy continuum flux of SN 2010kd is found to be negligible.
In the case of SN 2010kd, the luminosity of the strongest lines is ∼ 10 42 erg s −1 at +96 days, dropping to ∼ 4 × 10 40 erg s −1 at +194 days, consistent with the result of Nicholl et al. (2019) for different SLSNe I. For SN 2010kd at early epochs, Mg I] has the highest luminosity, followed by [Ca II], the Ca II NIR triplet, and O I λ7774; the rest of the lines have even lower luminosities.
We compare luminosities of various lines of SN 2010kd with a set of well-studied SLSNe I (see Figure 14 ). All of the published comparison data were taken from Nicholl et al. (2019) and references therein; Nicholl et al. (2013 Nicholl et al. ( , 2016a Nicholl et al. ( ,b, 2017 In the present study, for comparison we mainly discuss the line-luminosity evolution of PTF12dam and SN 2015bn, because these SLSNe I have a significant number of spectroscopic data points and are also at comparable redshifts. Lineluminosity values of these objects are fitted with straight lines.
Throughout this section, the line-luminosity is in units of 10 41 erg s −1 , whereas the decay rate is in 10 41 erg s −1 every 100 days. Line luminosities are compared at early phases (∼ +96 days), because at later phases, the luminosity values seem to converge. Si II  SN 2007bi Fe II  PTF10hgi Fe II  SN 2011ke O I   SN 2011ke Fe II  SSS120810:231802-560926 Fe II  PTF12dam O I  PTF12dam O II   PTF12dam Fe II  SN 2015bn O I  SN 2015bn Si II  SN 2015bn Fe II   SN 2010kd C II  SN 2010kd C IV  SN 2010kd O I  SN 2010kd O II   SN 2010kd Na ID  SN 2010kd Mg II  SN 2010kd Fe II Figure 13 . The line velocities of SN 2010kd are compared with a set of well-studied SLSNe I at comparable redshift. Measurements were made by SYNAPPS spectral matching; owing to blending of different elements, the single-Gaussian-fitting method is not a good way to calculate velocities. In comparison to SN 2010kd, fast-decaying SLSNe as well as PTF12dam appear to have velocities with steeper decay rates, whereas SN 2015bn seems to have lower velocity values with similar decay rates. and evolve much later, which indicate a central engine power source heating the inner ejecta as suggested by Nicholl et al. (2019) .
We also compared the line-luminosity ratios of various lines of SN 2010kd with other SLSNe I. SN 2010kd has approximately the same range of values as other SLSNe I for L 7774 /L 6300, 6364 , L 7300 /L 6300, 6364 , L Ca II NIR /L 6300, 6364 , and L 7300 /L Ca II NIR . In comparison to PTF12dam and SN 2015bn, SN 2010kd has a high L 5577 /L 6300, 6364 luminosity ratio with a nearly similar decay rate, and high L 4571 /L 6300, 6364 with sharper decay rate.
We calculated some physical parameters of SN 2010kd using these luminosity ratios, as done by Jerkstrand et al. (2014) and Nicholl et al. (2019) for other SLSNe I. For SN 2010kd, L 5577 /L 6300, 6364 is ∼ 0.5-1.0, which is higher than those of other SLSNe I: ∼ 0.1-0.2 (see Figure 15 ). We as-sume that [O I] λ5577 and the [O I] doublet are from the same zone, so their ratio will depend only on optical depth and temperature. Thus, the ratio of these lines can indicate the single-zone local thermodynamic equilibrium (LTE) temperature, as discussed by Jerkstrand et al. (2017) , Nicholl et al. (2019) . To calculate the temperature, we used Equation 2 from Jerkstrand et al. (2014) and assume β ratio = 1.5. The temperature estimated for various SLSNe I using nebularphase spectra after +200 days is 5000 K Nicholl et al. 2019) . But SN 2010kd has a very high single-zone LTE temperature (∼ 6000 K), estimated using spectra at +96, +144, and +194 days (see Table 8 ). In summary, SN 2010kd has a higher L 5577 /L 6300, 6364 luminosity ratio as well as a high single-zone LTE temperature in comparison to the other SLSNe I presented in this study.
In stripped-envelope SNe, the oxygen ejecta mass is ∼ 70% of the total M ej (Maurer & Mazzali 2010) . We can estimate the O I ejected mass using the luminosity ratio L 6300 /L 6364 . Unfortunately, our SN 2010kd spectra have low signal-to-noise ratio, so we are unable to measure L 6300 /L 6364 . However, we can es- Figure 16 ) as noticed in case of PS1-14bj by Lunnan et al. (2016) . We did not calculate their velocity because of blending with host-galaxy emission lines. We measured the flux ratio f 4959, 5007 /f 4363 for three nebular spectra of SN 2010kd, which could provide information about the electron density of the emitting region (Osterbrock & Ferland 2006) .
Fluxes were calculated using a single-Gaussian fit to [O III] λ4363 and a double Gaussian fit to [O III] λλ4959, 5007. We estimated the values of f 4959, 5007 /f 4363 ≈ 1.6, 3.8, and 3.7 using the nebular-phase spectra at +96, +144, and +194 days, respectively. For PS1-14bj, Lunnan et al. (2016) reported this ratio to be 3 and claimed that the electron density in the [O III]-emitting region is close to the critical density for these transitions (> 10 6 cm −3 ). For slow-evolving LSQ14an, Inserra et al. (2017) claimed f 4959,5007 /f 4363 ≈ 1.8, nearly equal to the value for SN 2010kd at +96 days. Using the spectrum of SN 2010kd at +96 days, we found a temperature T ≈ 8000 K, corresponding to an electron density of ∼ 6.0 × 10 7 cm −3 for the medium. This electron density is estimated using the formula from Osterbrock & Ferland (2006) or Equation 1 of Inserra et al. (2017) . As shown in Figure 16 , the peak of the [O III] λ4363 line is blueshifted relative to the rest-frame wavelength. Similarly, the [O III] λλ4959, 5007 lines have centroids that appear blueshifted in comparison to the rest-frame wavelength, showing velocities of ∼ 3000 km s −1 .
HOST GALAXY OF SN 2010KD
Photometric and spectral studies of SLSN host galaxies provide enormous information about the nature of the environment and possible progenitors. On the basis of hostgalaxy studies, Neill et al. (2011) were the first to discuss that SLSNe tend to occur in low-mass galaxies with high specific star-formation rates (specific SFRs). Thereafter, Chen et al. (2013) found the host of SN 2010gx to be one of the lowest metallicity dwarf galaxies. On the basis of a systematic sample study of 30 SLSN hosts, Lunnan et al. (2014) showed that the host galaxies of SLSNe I are dwarfs similar to GRB hosts, with low luminosities. Later, many authors studied samples of known hosts of SLSNe I and found that they have lower metallicities and higher SFRs (Leloudas et al. 2015; Angus 2017; Perley et al. 2016; Chen et al. 2017b; Schulze et al. 2018 ).
In the present study, the host galaxy of SN 2010kd observed by Swift-UVOT in the u-band at an apparent magnitude of 21.54 ± 0.23 (with a 4.7σ significance level; see Table 11 in Appendix) is used to constrain the SFR. As dis- particularly at +194 days (see Figure 8 ; narrow black arrows). These lines are similar to those observed by Lunnan et al. (2014) in late-time spectra of many SLSN hosts. In the case of SLSN iPTF13ehe, broad Hα and Hβ emission lines overlapping with narrow ones have been explained in terms of H-rich CSM at larger radii during late nebular-phases (Yan et al. 2015 (Yan et al. , 2017b . The absence of broad Hα and Hβ emission lines in the nebular-phase spectra of SN 2010kd at +194 days excludes the possibility of late-time interaction of the SN envelope with H-rich material. Observed narrow emission lines from the host are contaminated by the SN contribution itself; thus, their fluxes and lower limits of their equivalent widths (EWs) were estimated using a single-Gaussian fit (see Table 9 ). The measured flux values are generally higher than those of Lunnan et al. (2014) , perhaps owing to a larger slit width or worse seeing. As discussed, in the present study we estimated the lower limit of EW[O III] ∼ 17.85Å. However, Leloudas et al. (2015) Table 9 ) indicate that the host galaxy of SN 2010kd could be a lowluminosity, high-SFR dwarf galaxy having extreme emission lines as concluded by Leloudas et al. (2015) .
SUMMARY OF RESULTS
We have presented a detailed study of the photometric and the spectroscopic evolution of SN 2010kd, one of the closest slow-decaying SLSNe I. Using ROTSE-IIIb discovery data and other multiband data obtained using Swift-UVOT and the literature, we constructed a densely sampled optical light-curve. Spectroscopy is presented from −28 to +194 days, obtained using the HET-9.2 m and Keck-10 m telescopes. The temporal and spectral evolution of SN 2010kd is found similar to those of slow-decaying SLSNe I: SN 2007bi, PTF12dam, and SN 2015bn. A summary of the other major findings of our present analysis is as follows:
(1) The B-band light-curve of SN 2010kd has a peak luminosity close to that of PTF12dam and Gaia16apd, but higher in comparison to fast-decaying SLSNe I at comparable redshifts. Its postpeak decay rate is similar to that of SN 2007bi, PTF12dam, and SN 2015bn (slow-decliners) , and shallower than those exhibited by PTF10hgi, SN 2011ke, and SSS120810:231802-560926 (fast-decliners).
(2) The (U − B) color evolution of SN 2010kd shows that at phases from ∼ +15 to +90 days, it is brighter in the Uband and gets redder faster in the U than in the B, V, R, and I bands. This may be because of the cooling due to expansion or enhancement of the metallic lines in the UV or a combination of these two.
(3) Analytic light-curve model fitting to the bolometric light-curve of SN 2010kd using the code Minim suggests that CSMI/MAG may be possible powering sources for SN 2010kd.
(4) The SED of the SN 2010kd matches a hot BB in the optical bands. In the photospheric-phase, the continuum temperature of SN 2010kd looks somewhat hotter in comparison with PTF12dam and SN 2015bn. However, SN 2010kd seems to have a smaller BB radius in comparison to SN 2015bn.
(5) During the photospheric-phase, the spectra of SN 2010kd are dominated by the O I, O II, C II, C IV, and Si II lines; however, they are overcome by heavy metallic lines in the cool photospheric-phase. Low-and high-velocity components of O II and Si II lines in the postmaximum spectra suggest possible nuclear burning fronts in the outer layers of the ejecta.
(6) Early and late-time spectral comparisons of SN 2010kd reveal that it is similar to SN 2007bi, PTF12dam, and SN 2015bn with minor discrepancies. At ∼ +96 days, SN 2010kd has spectra similar to those of fast-decaying SLSNe I at ∼ +35 days, indicating a comparatively higher ejected mass of SN 2010kd.
(7) A systematic comparison of the late-time spectra of SN 2010kd with those of broad-lined SNe Ic and those associated with LGRBs reveals that they have similar lines with differ-ent intensities, possibly providing clues to the variations in physical conditions among these events.
(8) SN 2010kd exhibit relatively flatter line-velocity curves, similar to those of SN 2015bn, but at comparatively higher values. The velocity of the Fe II λ5169 line at ∼ +10 days and its slow-decay rate up to ∼ +30 days placed SN 2010kd in the category of slow-decliners. The flatter linevelocity curves of SN 2010kd indicates towards a central engine power source.
(9) In the nebular-phase spectra of SN 2010kd, the Mg I] emission line has the highest luminosity of ∼ 10 42 erg s −1 at +96 days, dropping to ∼ 10 40 erg s −1 at +194 days. All of the emission lines show an overall decay in luminosity as phase increases. (11) The nebular spectra of SN 2010kd show a broad component of the [O III] λ4363 and λλ4959, 5007 lines that suggests the electron density of the emitting medium to be ∼ 6.0×10 7 cm −3 . These features are comparatively weaker in the spectra of PTF12dam.
(12) The SFR (∼ 0.18±0.04 M yr −1 ) for the host galaxy of SN 2010kd is constrained using the rest-frame UV flux. The derived flux ratios of [O III]/Hβ and [N II]/Hα are in agreement with previous findings, suggesting that the host of SN 2010kd is a low-luminosity, high-SFR dwarf galaxy. This paper includes data taken from the RSVP program of the ROTSE-IIIb telescope (supported by NASA grant NNX10A196H, PI Carl Akerlof) at the McDonald Observatory of The University of Texas at Austin, 9.2m HET, and 10.0m Keck telescopes.
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Facilities: HET-9.2m, Keck:I, Swift. Software: P ython, matplotlib (Hunter 2007) , HEA-SOFT (v6.26, HEASARC 2014) , IRAF (Tody 1986 (Tody , 1993 , ximage (v4.5.1), sms ( Reduction of ROTSE-IIIb data is discussed in Section 2.2. Published optical photometry in the Johnson U BV and Cousins RI bands is taken from Roy (2012) . The Band R-band photometry also estimated from spectra using the code sms (Inserra et al. 2018c ).
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Swift-UVOT data analysis
We analyzed all of the publicly available early-time (Target ID 00031890, 2010) and late-time (Target ID 00085565, 2014-2016) observations of Swift-UVOT. As part of the present analysis, UVOT data were obtained from the online archive 3 and analyzed using HEASOFT software v. 6.25 with the latest calibration database. We perform the reduction of the early-time UVOT data using the standard uvotproduct pipeline. A source circular region of 5 and background region of 50 radius were extracted for analysis. All of the estimated magnitudes in different filters are given in Tables 10 and 11. UVOT again started following SN 2010kd during 2014-2016 in the u filter. In search of the host galaxy, all late-time sky images (Target ID 00085565) were stacked after their alignment to perform photometry of the source using the uvotsource pipeline (if visible after stacking or their upper limits). We summed the extensions within a sky image using uvotimsum. To sum the sky images from different observations, we merged the images first, using fappend. We considered the background threshold equal to three for calculating the magnitude of the source using uvotsource. A very faint extended object was detected, probably the host galaxy of SN 2010kd. Table 11 shows the filter, start time t start , and stop time t stop (relative to the trigger time), total exposure time, magnitude, and significance of the source in u for the late-time observations. There is no correction for the Galactic extinction of the magnitudes given in Tables 10 and 11. .1.3. Swift-XRT Data Analysis A. SYNAPPS SPECTRAL MATCHING The best-fit parameters obtained from SYNAPPS spectral matching to the photospheric-phase spectra of SN 2010kd (see Figure 6 ) are listed in Table 13 . These parameters are the line opacity τ , lower and upper cutoff velocities v min and v max (respectively), e-folding length aux, and BB photospheric temperature T . It uses the aux parameter for deciding the form of opacity and the Boltzmann excitation temperature for line-strength parameterization. The YAML 5 file consists of a few more parameters known as coefficients of the quadratic warping function, which is multiplied by the synthetic spectrum after proper computation. The limitations of this code are a sharp photosphere, BB assumption, and the approximation of no electron scattering. 
